ABSTRACT Hydrophilic dendrimers, especially poly(amidoamine) (PAMAM) dendrimers are widely applied in modifying fluorescent dyes to endow them with water solubility and biocompatibility for biologic fluorescence imaging. Common preparation strategies of fluorescent dendrimers including encapsulating dyes or attaching dyes at periphery of dendrimers might cause uncertain constituent and lower biocompatibility. Here, we have developed a series of watersoluble fluorescent dendrimers with dye as core and fanshaped PAMAM as arms. Carboxylated perylene bisimides (PBI) dye and squarylium indocyanine (SICy) dye were conjugated with PAMAM dendrons by amidation to obtain a series of fluorescent dendrimers with enhanced water-solubility. Two PBI based dendrimers (PBI-G2.5 and PBI-G1.5) were chosen as model compounds for further optical, selfassembly and biological studies. In aqueous environment, PBI-G2.5 exhibited strong fluorescence, small size (~30 nm) and slightly positive surface charge (~2.46 mV), which are ideal for biomedical applications. In vitro assays demonstrated that PBI-G2.5 nanoparticles accumulated in the cytoplasm of HeLa cells with rapid cellular uptake. The strong fluorescence in HeLa cells remained for over 48 h. To conclude, our study provides an effective strategy for preparing water-soluble fluorescent dendrimers towards long-term live cell imaging.
INTRODUCTION
In the past decades, a variety of organic fluorescent dyes have been developed for fluorescence imaging and detection [1-4]. However, poor water solubility of organic fluorophores impeded their applications in biological fields [5] . Among all the modification strategies to increase their water solubility, introducing water-soluble blocks, for example, dendrimers, to fluorescent dyes has been proved very effective [6] . Dendrimer is a kind of monodispersed, highly branched synthetic polymers with precisely controllable architecture and composition. It has multilevel interior-surface architecture with different generations [7] . Owing to these advantages, fluorescent dendrimers have been widely used in various areas, such as optical sensors [8, 9] , drug delivery [10] [11] [12] [13] [14] [15] [16] , gene delivery [17] [18] [19] [20] [21] and imaging contrast agents [22, 23] . Especially, poly(amidoamine) (PAMAM) dendrimer with facile synthesis, good water solubility and biocompatibility attracted increasing attention in modifying fluorescence dyes to endow these fluorophores with water solubility and biocompatibility for biologic applications [24] .
In general, there are two strategies to modify fluorescent dyes with PAMAM dendrimers. PAMAM dendrimer was used to encapsulate fluorescent dyes into its hydrophobic interior through intermolecular interactions [25] or couple with fluorescent dyes via covalent bond at the periphery of its dendritic scaffolds [8, 26] . However, these methods usually resulted in uncertain architectures [27] and unpredictable influence on their size, mobility and biocompatibility [28] . Besides, the exposed hydrophobic fluorophores would aggregate in aqueous environment, leading to quenching [29] . Dyes-cored fluorescent dendrimers have been propsed to solve these problems [6] . Instead of synthesizing dye-cored dendrimer via divergent approach, directly attaching dendrimers to fluorescent dye may simplify the preparation process [30] . Fan-shaped PAMAM dendron, as a kind of special PAMAM dendrimer, could be modified at the periphery and the focal point of dendron [24, 31] . The fan-shaped PAMAM dendrons are ideal for constructing novel dye-cored dendrimers with enhanced performance.
With the development of biomedical science, fluorescent probes with long-term labeling and dynamic tracking of cells or organelles are urgently needed [32] . The fluorescent dyes with good water solubility, biocompatibility, high photostability and multi-functionality are key but difficult to cell imaging [33] [34] [35] . Recently, perylene bisimides (PBI) and squarylium indocyanine (SICy) dyes with high photostability and intense long wavelength emission were used for long-term biolabeling [36] [37] [38] [39] [40] [41] . To further improve the water solubility, biocompatibility and functionality of the fluorescent dyes, coupling with fan-shaped solubilizing PAMAM dendrons provided a simple and effective option.
Herein, we presented the synthesis of dye-cored fluorescent dendrimers with fan-shaped PAMAM dendrons for live cell imaging (Scheme 1). PBI or SICy core dendrimers of different generations were obtained with relative high yields. With increasing generation, the PBI dendrimers (PBI-G1.5 and PBI-G2.5) exhibited enhanced water solubility, fluorescence performance and cytocompatibility. As expected, PBI dendrimers had rapid cellular uptake, strong fluorescence and long-term retention time in HeLa cell line. Our study combined both advantages of PAMAM and fluorescent dyes and provided an effective strategy for preparing fluorescent dendrimers with good water solubility and cytocompatibility for long-term live cell imaging, showing great potential in developing novel multi-functional theranostic platforms.
EXPERIMENTAL SECTION

Materials and methods
Unless otherwise stated, solvents and reagents were purchased from commercial sources and used without further purification. Ethylenediamine (EDA), di-tert-butyl dicarbonate, perylene tetracarboxylic acid bianhydride (PBA), L-alanine, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI), 1-hydroxybenzotriazole (HOBt), N, N-diisopropylethylamine (DIEA), etc. were purchased from Heowns, Tianjin, China. Proton nuclear magnetic resonance ( 1 H NMR) spectra were observed on a Bruker 400 spectrometer at room temperature. Matrix-assisted laser-desorption ionization time-offlight mass spectrometry (MALDI-TOF MS) were determined on AXIMA-CFR plus MALDITOF mass spectrometer. UV-visible spectra were obtained with a spectrophotometer (UV-2600, UV-SPECTRO-PHOTOMETER, SHIMADZU, Japan) and fluorescence (FL) spectra were acquired on fluorescent spectrofluorimeter (Horiba Jobin Yvon FluoroMax-4 NIR, NJ, USA) respectively. The morphologies of PBI dendrimers were observed with field emission scanning electron microscopy (FESEM, JSM-7500F, JEOL, Japan) manipulated at an accelerating voltage of 10 kV. Samples (1×10 −5 mol L −1 , T=298.15 K) were vacuum sputtered with Au to increase the contrast before SEM observation. Dynamic light scattering (DLS) and zeta potential of samples were obtained by Malvern Zetasizer Nano instrument with compatible disposable capillary cell (DTS 1070 from Malvern).
Synthesis of fluorescent PAMAM dendrimers
(1) Synthesis of fan-shaped PAMAM dendrons (NH 2 -G n , n = 0.5, 1.5, 2.5) (Scheme 2a) [31, 41] A. A solution of di-tert-butyl dicarbonate protected ethylenediamine (Boc-EDA) (1 g, 6.24 mmol) in methanol was added slowly to a stirring solution of methylacrylate (MA) (5.65 mL, 32 mmol, 5 equiv.) in methanol (10 mL) under nitrogen in an ice bath at 0°C. After that the mixture was heated to room temperature and further stirred for 24 h. The solvent was removed under reduced pressure and dried under vacuum to gain the product Boc-G0.5 (1.97 g, 95%) as a pale-yellow oil.
B. A solution of Boc-G0.5 (1.66 g, 5 mmol) in methanol (4 mL) was added dropwise to a stirred solution of EDA (7.5 g, 8.5 mL) in methanol (10 mL) under nitrogen in an ice bath at 0°C. After that the mixture was allowed to warm to room temperature and further stirred for 72 h. The solvent was removed under reduced pressure under 40°C and dried at 40°C under vacuum to gain the product Boc-G1 (1.79 g, 92%) as a pale-yellow oil. Successively adding MA and EDA similarly with (A) and (B), we got the desired products Boc-G1.5, Boc-G2.5.
Boc-G0.5. C. Trifluoroacetic acid (TFA) was added into the vigorously stirring solution of N-protected Boc-Gn in DCM. After stirring for 2 h, the solvent was removed under reduced pressure and dried under vacuum. The crude products were used without further purification.
(2) Synthesis of PBI-G n (n = 0.5, 1.5, 2.5) (Scheme 2b) In a typical experiment, PBI with carboxyl groups (PBI-COOH) (1 equiv.), EDCI (3 equiv.), HOBt (0.8 equiv.) were dissolved in dimethyl sulfoxide (DMF) in a Schlenk flask and the mixture was stirred under N 2 at 0°C to activate carboxyl (monitored by thin-layer chromatography, TLC). Then DIEA and NH 2 -G n (n = 0.5, 1.5, 2.5) (2.5 equiv.) were added into the mixture after activating and stirred for 8 h at 0°C. The mixture was allowed to warm to room temperature and reacted for another 48 h. In the end, the mixture was precipitated in diethyl ether to remove DMF, repeated precipitating three times to produce crude products.
PBI-G0.5. PBI-COOH (100 mg, 0.187 mmol), EDCI (108 mg, 3 equiv.), HOBt (21 mg, 0.8 equiv.), DIEA (70 μL), G0.5 (2.2 equiv.). The crude product was purified by column chromatography on silica gel with methylene chloride:ethanol (100:0.5, v/v) as an eluent to afford PBI-G0.5 (117 mg, 65% The synthetic routes and characterizations of di-tertbutyl dicarbonate protected ethylenediamine (Boc-EDA), PBI-COOH and SICy dendrimers can be found in Fig. S1 , S2.
RESULTS AND DISCUSSION
The synthetic route of fluorescent dendrimers is shown in Scheme 2. The synthetic route includes the synthesis of fan-shaped PAMAM dendrons and conjugation of dendrons to carboxyl group bearing fluorophores. Firstly, the fan-shaped PAMAM dendrons were synthesized by divergent method from di-tert-butyl dicarbonate protected ethylenediamine (Boc-EDA) (Scheme 2a) [31] . The remaining unprotected amine of Boc-EDA reacted with methylacrylate (MA) through Michael reaction to yield Boc-G0.5. Then Boc-G0.5 reacted with ethylenediamine (EDA) through amidation to yield Boc-G1. To obtain higher generation of the dendron, MA and EDA were used stepwise. As a result, "half generations" (Boc-G0.5, Boc-G1.5 and Boc-G2.5) and "full generations" (Boc-G1 and Boc-G2) were obtained.
1 H NMR spectroscopy confirmed the successful synthesis of half generations (Boc-G0.5, Boc-G1.5 and Boc-G2.5) (SI). All the ester-terminated half-generations were deprotected with trifluoroacetic acid (TFA) to yield the dendrons with amine group at the focal point (NH 2 -G n , n = 0.5, 1.5, 2.5). The obtained NH 2 -G n was used without further purification. Compared to other fan-shaped dendrons [42] , the synthesis of fan-shaped PAMAM dendrons is facile and the overall yield is high (over 90%).
Secondly, carboxyl group bearing PBI and SICy were conjugated to the dendrons. As shown in Scheme 2b, through amidation, PBI was attached to the focal point.
The final precise molecular structure of fluorescent dendrimers was characterized by 1 H NMR spectra and MALDI-TOF MS (SI). The 1 H NMR protonic peaks of Boc-G2.5, PBI-G2.5 and SICy-G2.5 are shown in Fig. 1 . The characteristic peaks of both PAMAM dendrons and fluorophore core are observed, indicating the synthesis of desired dendrimers. This strategy has several advantages compared to previously reported methods. Firstly, the mild amidation reaction can protect peripheral ester from hydrolyzing [43, 44] . Secondly, directly conjugating the PAMAM dendrons to dyes avoids complicated purification procedures. Thirdly, this method can be applied to a broad range of fluorophores bearing carboxyl groups. In a word, we obtained a series of fluorescent dendrimers with fan-shaped PAMAM modification. Taking PBI dendrimers as example, we further investigated their water solubility, optical, self-assembly and biological performance.
The PBI dendrimers are symmetric dumbbell-shaped [45] . Their molecular geometries were simulated by the Gaussian 09W software (Fig. S3) . The steric hindrance of fan-shaped PAMAM dendrons around central PBI can suppress its aggregation and improve the water solubility of dendrimers [46] . Firstly, the water solubility of PBI dendrimer was checked. As shown in Fig. 2a, S4 , PBI-G2.5 and PBI-G1.5 formed clear red solution in water and emitted yellow green fluorescence under ultraviolet (UV) light. PBI-G2.5 and PBI-G1.5 displayed good watersolubility (>10 mg mL −1 and >7 mg mL −1
, respectively), however, PBI-G0.5 was not water-soluble. With increasing dendritic generation, the solubility of PBI dendrimer is enhanced. Then, the optical properties of aqueous PBI dendrimers were investigated. PBI-G2.5 has three main absorption peaks at 466, 495, and 530 nm in the UV-vis range (Fig. 2b) . Fluorescence spectrum of aqueous PBI-G2.5 solution shows a maximum emission peak at 542 nm and a shoulder at 588 nm, which can avoid the interference from biological auto-fluorescence [33] . The concentration-dependent UV-vis absorption (Fig. 2b) and fluorescence (Fig. 2d) properties of aqueous PBI-G2.5 were further investigated. Even at high concentrations, the clear characteristic absorption peaks and strong fluorescence of PBI-G2.5 were observed, indicating its good water solubility [5] . Similar absorption and fluorescence properties for PBI-G1.5 were found (Fig. S5) . The fluorescence intensity of PBI-G2.5 is higher than that of PBI-G1.5 at the same concentration due to the decreased aggregation degree of PBI-G2.5 resulting from larger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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November 2018 | Vol. 61 No. 11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1479 steric hindrance of PAMAM dendrons. Therefore, with fan-shaped PAMAM dendron modification, PBI dendrimers possessed good water solubility and strong fluorescence in water, which fulfills the requirement of bioimaging.
Owing to the rigid planar structure of PBI and amphiphilic nature of PBI dendrimers, the dendrimers are likely to self-assemble into nanostructures in water (Fig.  3a) [47] . To give further insight of the morphology, size, and surface charge of PBI dendrimers, SEM, DLS and zeta potential measurements were carried out. The self-assembly of PBI-G2.5 was uniform nanoparticles with the size of 30 nm (Fig. 3b) . The hydrodynamic size of PBI-G2.5 nanoparticle was 32 nm (Fig. 3c) , which is larger than the size of hard core measured by SEM due to the formation of PAMAM hydration layer. The zeta potential measurement showed the surface potential of PBI-G2.5 (Fig. 3d ) was 2.46 mV. This weak positive zeta potential might be caused by the repeated tertiary amine units in the interior of PAMAM dendrimers [48] . In comparison, the self-assembly of PBI-G1.5 exhibited larger size (91 nm) and lower zeta potential (0.09 mV) (Fig. S6) . Generally, it is reported that nanoparticles with smaller size and more positive surface charge can be faster internalized by cell endocytosis [49, 50] . Therefore, PBI-G2.5 nanoparticles with small size and positive surface charge should have great potential in cell imaging.
To assay the cell uptake and live cell fluorescence imaging performance of PBI dendrimers, HeLa cells were incubated with PBI-G2.5 and PBI-G1.5 solutions (5 μmol L −1 ), respectively. After 2 h of incubation, strong red fluorescence of PBI-G2.5 was observed (Fig. 4, S7) , indicating its effective cellular uptake efficiency. The merging of the bright field and fluorescence images shows that the red fluorescence is located clearly in the cytoplasm of the HeLa cells (Fig. 4c, f) . Compared to PBI-G2.5, relatively weak fluorescence intensity of PBI-G1.5 was detected (Fig. 4b, e) . These results indicated that PBI-G2.5 possesses good ability for live cell fluorescence imaging.
PBI dyes barely undergo photobleaching with long time irradiation of the excitation laser owing to their excellent chemical and optical stability [51] . Therefore, the longterm fluorescence imaging performance of PBI dendrimers were further investigated. We performed realtime monitoring of HeLa cells incubated with PBI-G2.5 and PBI-G1.5 up to 48 h. The fluorescence intensity of PBI dendrimers in HeLa cells at a series of time points (Fig. 5 ) was recorded. With the incubation duration from 0.3 to 48 h, their fluorescence intensity increased steadily, indicating the continuous accumulation of PBI dendrimers without obvious excretion. In accordance with our previous results, PBI-G2.5 showed stronger fluorescence than PBI-G1.5 during the incubation. Overall, these results suggested that PBI based fluorescent dendrimers achieved long-term imaging of live cells.
As good cytocompatibility is essential for bioimaging agents [1, 5] , the cytotoxicity of fluorescent dendrimers was evaluated on HeLa cell line using CCK-8 assays. The HeLa cells were treated with PBI dendrimers at different concentrations. After 24 h of incubation, the cell viabilities of these dyes were tested (Fig. 6) . The cytocompatibility of fluorescent dendrimers was concentration-dependent. The cell viability of PBI-G2.5 is above 80% at all the tested concentrations, suggesting the good biocompatibility of PBI-G2.5 (under 25 μmol L −1 ). Besides, with increasing generation, the fluorescent den- ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1480 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . drimers showed less toxicity. It is speculated that higher generation dendrimers with higher water solubility and smaller size performed better cytocompatibility.
Additionally, the water solubility, optical properties and cytocompatibility of SICy dendrimers were checked and showed similar results (Fig. S8, S9 ). With fluorescence emission in red region, SICy-G2.5 also achieved live cell fluorescence imaging (Fig. S10) . These data further proved that our strategy is effective for modifying fluorescent dyes.
CONCLUSIONS
In conclusion, we present an effective strategy to prepare water-soluble fluorescent dendrimers for live cell imaging. With modification of fan-shaped PAMAM dendrons, a series of PBI and SICy cored dendrimers were obtained. With increasing generations, the dendrimers possess better water solubility, fluorescent properties and cytocompatibility. Moreover, the PBI dendrimers can self-assemble into nanoparticles, which showed rapid cellular uptake efficiency by endocytosis. Owing to the excellent physical stability and cytocompatibility, PBI dendrimers achieved long-term imaging of live cells. Our study provides a simple but effective method for organic fluorophores modification, which has potential for constructing theranostic platforms in combination of functional dendrimers and fluorescent dyes. ) of various generations of PBI (PBI-G0.5, PBI-G1.5, PBI-G2.5).
